Objectives: While mindfulness-based interventions have received widespread application in both clinical and non-clinical populations, the mechanism by which mindfulness meditation improves well-being remains elusive. One possibility is that mindfulness training alters the processing of emotional information, similar to prevailing cognitive models of depression and anxiety. The aim of this study was to investigate the effects of mindfulness training on emotional information processing (i.e., memory) biases in relation to both clinical symptomatology and well-being in comparison to active control conditions. Methods: Fifty-eight university students (28 female, age = 20.1 ± 2.7 years) participated in either a 12-week course containing a "meditation laboratory" or an active control course with similar content or experiential practice laboratory format (music). Participants completed an emotional word recall task and self-report questionnaires of well-being and clinical symptoms before and after the 12-week course. Results: Meditators showed greater increases in positive word recall compared to controls [F (1, 56) = 6.6, p = 0.02].The meditation group increased significantly more on measures of well-being [F (1, 56) = 6.6, p = 0.01], with a marginal decrease in depression and anxiety [F (1, 56) = 3.0, p = 0.09] compared to controls. Increased positive word recall was associated with increased psychological well-being (r = 0.31, p = 0.02) and decreased clinical symptoms (r = −0.29, p = 0.03). Conclusion: Mindfulness training was associated with greater improvements in processing efficiency for positively valenced stimuli than active control conditions. This change in emotional information processing was associated with improvements in psychological well-being and less depression and anxiety. These data suggest that mindfulness training may improve well-being via changes in emotional information processing. Future research with a fully randomized design will be needed to clarify the possible influence of self-selection.
INTRODUCTION
Mindfulness-based interventions (MBI), including mindfulnessbased stress reduction (MBSR) and mindfulness-based cognitive therapy (MBCT), are accumulating growing empirical support for improvements in psychological well-being in a wide range of clinical and non-clinical populations (Baer, 2003; Grossman et al., 2004 ; but see also Ospina et al., 2007) . MBI were originally introduced as behavioral interventions to be practiced by chronic pain patients (Kabat-Zinn, 1982) and have now been shown to positively affect clinical outcomes when practiced by clinicians (Epstein, 1999; Grepmair et al., 2007) . Researchers have proposed a variety of means by which this process may produce enhancements in well-being (Bishop, 2002; Dimidjian and Linehan, 2003; Shapiro et al., 2006) , but the mechanism of action remains unclear.
One possibility is that mindfulness training alters the processing of emotional information, similar to prevailing cognitive models of depression and anxiety (Beck, 1987; Hakamata et al., 2010) . These models are based on observations that distressed individuals process emotional information differently than healthy, happy individuals (Beck, 1987; Hakamata et al., 2010) . Distressed (depressed or anxious) individuals have attentional and memory biases toward negative stimuli and away from positive stimuli (Burt et al., 1995; Mathews and MacLeod, 2005; Kellough et al., 2008; Disner et al., 2011) . Healthy individuals, in contrast, have a preferential bias toward positive stimuli (Gotlib et al., 2004; Reidy, 2004) that is associated with a wide range of adaptive qualities and greater well-being (Taylor and Brown, 1988; Scheier et al., 2001) . In contrast, both the presence of negative biases and/or the www.frontiersin.org lack of positive biases are predictive of future episodes of depression and anxiety and may play a role in causing or maintaining these disorders (Mathews and MacLeod, 2005; Disner et al., 2011) . Furthermore, successful modification of cognitive biases parallels symptom improvement following cognitive behavioral therapy (Pishyar et al., 2008) , pharmacotherapy (Mogg et al., 2004) , or systematic training aimed at altering biases (Hakamata et al., 2010; Beard et al., 2011) .
These emotional biases in both attention and memory are thought to be caused by an imbalance of top-down cortical control and a prepotency of bottom-up subcortical reactivity, or more specifically, poor prefrontal attentional control over the amygdala (Beck, 2008; Disner et al., 2011) . Depressed and anxious patients show increased amygdala activity and decreased activation of the anterior cingulate cortex (ACC) and lateral prefrontal cortex (PFC) in response to negative stimuli (Browning et al., 2010; Disner et al., 2011) . The amygdala is a key component in emotion processing in the brain, and is critically involved in fear conditioning and threat detection (Davis, 1992; LeDoux, 2003; Arne, 2005) . The PFC is thought to play a key role in cognitive control and attentional mechanisms (Miller and Cohen, 2001; Nagahama et al., 2001) , and the ACC has been implicated in cognitive control functions such as error detection (Carter et al., 1998) and attention (Weissman et al., 2005) . The ACC and PFC exert inhibitory control on limbic structures such as the amygdala (Mayberg et al., 1999; Davidson et al., 2000; Ochsner et al., 2002 Ochsner et al., , 2004 Ochsner and Gross, 2005; Urry et al., 2006) . Lack of such inhibitory control results in a hyperactive amygdala (Siegle et al., , 2007b and an associated increase in sympathetic hyperarousal, emotional reactivity, affective disturbance (Baxter et al., 1989; Bench et al., 1993; Mayberg et al., 1999; Davidson et al., 2000; Clark et al., 2002; Siegle and Hasselmo, 2002; Blumberg et al., 2004; Meyer et al., 2004) and biases in attention and memory away from positive stimuli and toward negative stimuli (Fales et al., 2008; Beevers et al., 2010; Koster et al., 2010) .
Poor prefrontal control or "hypofrontality" is ubiquitous across a wide range of psychiatric conditions, including depression, anxiety, substance abuse, attention deficit disorders and schizophrenia (Clark et al., 2009; Couyoumdjian et al., 2010) . Restoration of PFC functioning in these conditions parallels response to treatment in both pharmacological and behavioral interventions (Liotti and Mayberg, 2001; Liotti et al., 2002; Davidson et al., 2003a; Hugdahl et al., 2007) . Because impairment of prefrontal attention circuits plays such a central role in emotional disturbance, many researchers have attempted to use deliberate attention training or cognitive "remediation" exercises to restore prefrontal functioning (Wells, 2000; Penades et al., 2006; Siegle et al., 2007a; O'Connell et al., 2008) . This so-called "cognitive bias modification" (CBM) training, in which patients learn to shift attention toward positive stimuli or away from negative stimuli (Koster et al., 2009; Beard et al., 2011) represents "a focused attempt to teach patients one specific skill, attention control" (Hakamata et al., 2010) . Results indicate that successful modification of cognitive biases resulted in decreased symptoms of anxiety and depression and greater well-being in clinical populations (Mathews and MacLeod, 2005; Mathews et al., 2007; Salemink et al., 2007; Beard and Amir, 2008; Li et al., 2008; Amir et al., 2009; Hazen et al., 2009; Klumpp and Amir, 2009; Schmidt et al., 2009; See et al., 2009; Sin and Lyubomirsky, 2009; Eldar and Bar-Haim, 2010; Hakamata et al., 2010) . Thus, classic CBT may be moving toward the incorporation of "procedures [that] may alter cognitive biases through a more implicit, experiential process" .
A substantial body of research supports the use of meditationbased mental training as candidate for strengthening or rehabilitating prefrontal attentional control systems. There are several different forms and many variations of meditation training, but a central feature is the systematic training of attentional capacities (Lutz et al., 2008) .
Meditation training is associated with better performance on a wide range of prefrontally mediated attention tasks (Valentine and Sweet, 1999; Wenk-Sormaz, 2005; Brefczynski-Lewis et al., 2007; Chan and Woollacott, 2007; Jha et al., 2007; Pagnoni and Cekic, 2007; Slagter et al., 2007; Srinivasan and Baijal, 2007; Tang et al., 2007; Chambers et al., 2008; Bushell, 2009; Lutz et al., 2009; Goldin and Gross, 2010) , with increased activity in the (lateral) PFC (Herzog et al., 1990; Jevning et al., 1996; Khushu et al., 2000; Lazar et al., 2000; Baerentsen et al., 2001; Newberg et al., 2001; Ritskes et al., 2003; Brefczynski-Lewis et al., 2007; Creswell et al., 2007; Farb et al., 2007 Farb et al., , 2010 Holzel et al., 2007) , larger frontal gray matter volumes (Lazar et al., 2005; Pagnoni and Cekic, 2007; Hölzel et al., 2008; Luders et al., 2009) , and decreased levels of negative affect, anxiety, and depression (Kabat-Zinn et al., 1992; Shapiro et al., 1998; Speca et al., 2000; Grossman et al., 2004; Allen et al., 2006; Jain et al., 2007; Kenny and Williams, 2007; Kuyken et al., 2008; Witek-Janusek et al., 2008) . Meditation training is associated with greater PFC inhibition of the amygdala (Brefczynski- Lewis et al., 2007; Creswell et al., 2007; Farb et al., 2007; Goldin and Gross, 2010; Hölzel et al., 2010; Way et al., 2010) , less emotional reactivity (Britton et al., in press) and decreased sympathetic hyperarousal (Sudsuang et al., 1991; MacLean et al., 1994; Carlson et al., 2007; Britton et al., 2010) .
Even though Beard et al. (2011) lists mindfulness training as a CBM exercise, only a handful of studies have examined the effects of mindfulness on cognitive biases. The existing studies are also constrained by a number of methodological limitations. While two studies have found that MBCT was associated with decreased depression-related memory impairment (over-general memory, or the tendency to summarize rather than recall specific details), the target variable was memory specificity, not memory valence (Williams et al., 2000; Heeren et al., 2009) , and does not address the issue of emotional biases. In a sample of fibromyalgia patients, Vago and Nakamura (2011) found that an 8 week mindfulness training was associated with altered threat-related attentional biases compared to no-treatment control (as evidenced by decreased avoidance of pain-threat words during early stages of attention in fibromyalgia patients and improved disengagement from pain-threat words during later stages of attention). Cognitive bias was only assessed post-intervention, however, and baseline differences were not assessed. In a sample of undergraduates, Alberts and Thewissen (2011) found that a 12-min breath awareness induction prior to verbal learning task resulted in decreased memory for negative words compared to a control group that received no induction. However, one-time mindfulness inductions do not necessarily generalize to longer-term mindfulness training Frontiers in Human Neuroscience | Emotion Science (Davidson, 2010) . Furthermore, mindfulness induction just prior to the task introduces the confound of state, rather than trait, effects of meditation. A standard multi-week mindfulness intervention would yield more conclusive results about trait effects of mindfulness training.
In addition to the design limitations, the control groups in the above studies did not receive any comparable intervention, and thus it cannot be concluded that the effects on cognitive bias were due to meditation practice, rather than non-specific effects of deliberate effort, expectation, group interaction or didactic content. We attempted to address this methodological limitation by comparing meditation participants to participants who also received a similar ratio of didactic to experiential body-based attention training (music) or similar didactic content but did not meditate. It should be noted that participants self-selected, and were not randomly assigned to their courses.
Another limitation of existing mindfulness and cognitive bias studies, and the cognitive bias literature in general, is the narrow focus on negative affect and psychopathology without including the full range of positive affect and well-being. The World Health Organization's (1948) definition of health is "not merely the absence of disease or infirmity" but "a state of complete physical, mental and social well-being." Mindfulness training differs from most psychotherapy in that it is sought not only for relief of suffering, but also for greater well-being and quality of life (Carmody and Baer, 2008; NCCAM, 2009; Schroevers and Brandsma, 2010) , constructs that are related but functionally distinct (Ryff et al., 2006) . Thus, this paper's inclusion of psychological well-being, in addition to distress, will serve to address an important outcome of mindfulness training, as well as extend the investigation of cognitive biases into the domain of well-being.
A final limitation of mindfulness research in general is the widespread reliance on self-report measures, which are subject to a wide array of biases, including memory bias (Schwarz, 1999; Baumeister et al., 2007) and treatment expectations (Howard and Dailey, 1979; Howard, 1980; Geers and Rose, 2011) . Indeed, self-reports may be especially problematic in mindfulness interventions because they alter introspective ability (Davidson, 2010) . Our use of an objective task to assess emotional bias is intended to introduce an alternative to self-reports.
In order to address these gaps in the literature, the present study assessed objective emotional information processing in relation to both psychological well-being and depression/anxiety before and after 12 weeks of mindfulness training or comparable didactic/experiential learning. Cognitive models predict that biases operate at all levels of processing, including attention, encoding and retrieval (Bradley et al., 1994) . While research findings about emotional biases in attention have been inconsistent, more robust findings have been found at the deepest levels of processing, i.e., with biases in explicit memory recall (Baños et al., 2001) . We therefore chose to use an explicit memory task as our measure of emotional information processing. We hypothesized that (1) mindfulness would improve emotional information processing (increased positive word recall and/or decreased negative word recall), (2) mindfulness training would decrease depression/anxiety and increase psychological well-being, (3) emotional information processing improvements would accompany improvements in depression/anxiety and well-being.
MATERIALS AND METHODS

PARTICIPANTS
Undergraduates (N = 58, 28 female, Age = 20.10 ± 2.67 years, range 17-35 years) were recruited from three types of courses at Brown University (Providence, RI, USA): (a) "Meditation laboratories" or (b) Music, or (c) Religious Studies, with the understanding that the results of their training in these courses would be the subject of the current study. Meditation Labs courses consisted of lecture and practice-based learning components in mindfulness meditation. Control courses were chosen for similar course format (Music) or content (Religious/East Asian Studies). Participants were recruited in the first week of classes and completed written informed consent procedures. The study protocol was approved by the Brown University Institution Review Board. There were no exclusion criteria besides age.
PROCEDURES
Participants completed assessments at the beginning and end of a 12-week course. Assessments included self-report questionnaires and a 2-hour in-lab neuropsychological battery. The experiments were conducted between January 2008 and December 2010 on Brown University campus in Providence, RI, USA. No adverse events occurred during the course of the study.
Word recall task
Two lists of 22 words were selected from affective norms for English words (ANEW; Bradley and Lang, 1999) . Each list included six positive (normative valence = 7.5 ± 0.40, arousal = 5.8 ± 0.80), six negative (valence = 2.6 ± 0.73, arousal = 5.5 ± 1.37), and six neutral words (valence = 5.18 ± 0.34, arousal = 3.84 ± 0.48), as well as two extra neutral "buffer" words at the beginning and end of the presentation to control for primacy and recency effects. Lists were balanced for valence, arousal, length, and frequency of appearance in the English language. Words were block randomized with no words of the same valence appearing consecutively. Words were presented on a 15 computer screen using DMDX software (Forster and Forster, 2003) . Based on the suggestions of Koster et al. (2010) to assess multiple modalities in the same subject to confirm that the findings are not limited to any one form of processing, subjects received a visually presented list followed by an aurally presented list. The first list was presented visually in white font on a black background, the second aurally at a volume level set by participants. Subjects were asked to rate each word (1-9) on two dimensions, pleasantness and arousal to ensure depth of processing. Two separate sets of lists were counterbalanced for pre-and post-treatment administration. Participants were told that they "may be asked to recall these words sometime in the future," Immediately after presentation, participants were asked to recall the words in any order. There was no time limit.
Self-report measures
The mood and anxiety symptom questionnaire (MASQ; Clark and Watson, 1991 ) is a 90-item questionnaire assessing symptoms specific to depression (anhedonia, low positive affect) or anxiety www.frontiersin.org (physiological hyperarousal) as well as symptoms of general distress related to both. Response options range from 1 (not at all) to 5 (extremely). The possible range of scores is 90-450. We used the aggregate MASQ score, in which higher scores indicate greater levels of anxiety/depression. Cronbach's alpha was 0.92.
The Scales of Psychological Well-Being (SPWB; Ryff, 1989 ) is an 84 item questionnaire assessing psychological well-being across six domains: positive relations with others, autonomy, environmental mastery, personal growth, purpose in life, and selfacceptance. Response options range from one (strongly disagree) to six (strongly agree). The possible range of scores is from 84 to 504. We used aggregate SPWB score, in which higher scores indicate greater psychological well-being. Cronbach's alpha was 0.96.
Meditation labs
Meditation labs were scheduled for 1 h three times per week and included approximately 30 min of a specific contemplative practice from Buddhist or Taoist traditions. The meditation laboratory was taught by the course professor and fourth author (Harold Roth), a published scholar of Buddhist and Taoist contemplative practices with over 30 years of personal practice experience in the Rinzai Zen tradition. The meditation period was followed by a 5-to 10-min written reflection and question-answer period. Many students also meditated outside of class, although this was optional.
Meditation training included both Samatha and Vipassana forms of practice, which included focused awareness training on a single object (like the breath) or a class of objects (like body sensations), but did not include objectless meditation (open monitoring or choiceless awareness). Meditation instruction emphasized attention allocation rather than the acceptance that is central to Western styles of mindfulness, although it incorporated ideals of letting go of evaluation.
Control courses
Music professors with comparable competence led music courses with music practice labs. These courses were structured similarly to Meditation Labs courses with comparable ratios of lecture-and practice-based learning of music. Two types of content-matched courses were included: Religious Studies or East Asian Studies courses by the same professor who led the meditation courses, and Religious Studies courses that were voted by students as being "inspirational and transformative" in content, but did not include meditation labs.
STATISTICAL ANALYSES
Preliminary analyses
All variables were examined for normality and baseline differences between groups were examined using box-and-whisker plots and t -tests or χ 2 tests. Recall did not differ between visual versus aural presentation so subsequent analyses used word totals summed across both modalities.
Main analyses
The primary purpose of this study was to discover if emotional information processing (emotional word recall), clinical symptoms, and psychological well-being were differentially affected by meditation than by control classes. We first examined whether intervention-specific effects on recall depended on the valence of the words recalled using a three-way repeatedmeasures ANOVA design. Within-subjects variables of this threeway ANOVA were TIME (two levels: pre, post) and VALENCE (three levels: positive, negative, neutral). The between-subjects variable was GROUP (two levels: Meditation, Control.) We then examined intervention-specific changes separately for positive, negative, and neutral word counts using two-way repeatedmeasures ANOVAs (Group × Time). We examined effects on clinical symptoms (MASQ aggregate score) and psychological wellbeing (SPWB aggregate score) using two-way repeated-measures ANOVAs (Group × Time). Paired samples t -tests (pre-post) were used to determine the specific effect of each intervention for any variables with significant Group × Time interactions.
Secondary analyses
We examined the relationships among changes in cognitive bias, changes in clinical symptoms, and changes in psychological wellbeing. We calculated change scores by subtracting pre-intervention scores from post-intervention scores for each of our variables, and calculated Pearson product-moment correlation coefficients among these change scores for positive, negative, and neutral recall, and MASQ and SPWB aggregate scores.
Data were analyzed using SPSS 17.0 software (2007). Statistical significance was set at alpha levels <0.05, two-tailed. Results are reported as mean ± SD or number/percentage unless otherwise indicated. Effect sizes were reported as partial η 2 (η 2 p ; small = 0.01, medium = 0.06, large = 0.14; Green and Salkind, 2005) .
RESULTS
PRELIMINARY ANALYSES
First, all variables were examined for normality. Box-and-whisker plots showed no outliers at pre-or post-intervention testing for any variables. Positive word recall at pre-intervention was higher for controls than meditators [t (56) = 3.14, p = 0.003]; no other variables differed between groups at baseline. Table 1 summarizes the baseline word recall and self-report measure characteristics. As reported elsewhere (Silverstein et al., 2011) , all subjects completed measures of clinical psychopathology and a 2-hour neuropsychological test battery of cognitive capacities, including memory, attention and motor speed. The clinical assessments indicated that our sample was fairly typical of a college sample, with depression and anxiety symptoms in the "mild" range. No clinically significant impairments in neuropsychological performance were noted. Figure 1) . No significant main or interaction effects were found for negative, neutral, or total word recall.
MAIN ANALYSIS: SELF-REPORT DATA
Psychological well-being
Significant Group × Time interaction effects [F (1, 56) = 6.62, p = 0.013, η 2 = 0.11] indicated that changes in SPWB scores depended on training type. Psychological well-being (SPWB total score) significantly increased in meditators [t (34) = 3.55, p = 0.001], and non-significantly decreased in controls [t (22) = −0.40, p > 0.6; Figure 2 ). There were no significant main effects of Time or Group. 
SECONDARY ANALYSES: CORRELATIONS
Pearson product-moment correlation coefficients ( Table 2) 
DISCUSSION
Undergraduates completed an emotional word recall task and self-report measures of anxiety/depression and well-being before and after 12 weeks of either mindfulness meditation or an active control condition. Results indicate that mindfulness training was associated with significantly higher increases in positive word recall and well-being than controls, and increases in positive word recall were associated with improvements in anxiety/depression and psychological well-being. Each of these findings will be discussed in detail below.
MINDFULNESS TRAINING AND COGNITIVE BIAS
The meditation participants showed significantly greater increases in positive word recall than did students in control courses. This increase in positive words occurred in the context of no change in either total word or negative word recall, which suggests an increased efficiency in positive information processing. This pattern of findings may have a number of different explanations, as several brain areas have been associated with both meditation training and more positive/less negative memory biases. Meditation training has been associated with the neural substrates of positive affect and well-being, specifically greater activity in the left versus right PFC (Davidson et al., 2003b; Davidson, 2004; Barnhofer et al., 2010; Keune et al., 2011; Moyer et al., 2011) , and increased dopaminergic tone (Kjaer et al., 2002; Burgdorf and Panksepp, 2006) . The pattern of left PFC activation, which leads to greater regulation of the amygdala, coupled with dopamine, is thought to underlie a preferential tendency toward positive and rewarding stimuli (Disner et al., 2011) . Neuroimaging studies have also shown that the rostral ACC is differentially activated in meditators (Lazar et al., 2000; Baerentsen et al., 2001; Holzel et al., 2007) , This area is associated with trait positivity bias and optimism (Sharot et al., 2007 (Sharot et al., , 2011 , and dysfunction in this area is associated with deficient disengagement from negative stimuli and depression (Elliott et al., 2002; Mitterschiffthaler et al., 2008; Eugene et al., 2010) .
The (right) insula, which has been found to have greater gray matter concentration (Hölzel et al., 2008 (Hölzel et al., , 2011 and thickness (Lazar et al., 2005) in meditators and greater activation following mindfulness training (Farb et al., 2007; Grant et al., 2010) has also been found to be associated with memory for positively valenced words . The insula is thought to be involved in interoception and visceral awareness (Critchley et al., 2004) , which Frontiers in Human Neuroscience | Emotion Science are central components of mindfulness training. The meditator begins by focusing on a body-based meditation object (sensations of breathing), and re-engages body awareness as a method of disengaging from distracting thoughts. In this model, greater body awareness should be directly related with decreased distraction and greater ability to disengage attention and to redirect it according to goals. Indeed, in a study of this same sample, Silverstein et al. (2011) found greater interoceptive awareness in meditators compared to controls, and the improved body awareness was associated with decreased negative evaluative thinking, anxiety, and depression.
One proposed mechanism of depressive symptomatology reduction in mindfulness-based therapies is the reduction of overactive resting amygdala activity. Mindfulness has been associated with decreased right amygdala activity at rest and in response to negative stimuli (Way et al., 2010) . In a study of expert and novice meditators, Brefczynski- Lewis et al. (2007) found a negative correlation between hours of practice and right amygdala activity. Such reductions in amygdala activity may underlie decreased facilitation of attention to negative stimuli (Disner et al., 2011; Way et al., 2010) and in turn modulate preferential recall of positively versus negatively valenced information.
Cognitive biases are partly due to difficulties in adaptively disengaging cognitive resources from negative and/or non-positive information (Fox et al., 2001; Joormann et al., 2007; Joormann and Gotlib, 2008; Gotlib and Joormann, 2010) . Mindfulness facilitates adaptive disengagement of cognitive resources during the attentional blink task , and may likewise facilitate adaptive disengagement of resources from emotional information that does not support emotional regulatory goals. Newly emancipated cognitive resources may then be more appropriately allocated to processing positive information in accordance with mental health goals (Josephson, 1996; Rusting and DeHart, 2000) . For example, mindfulness may allow one to clear the contents of working memory in preparation for positively reappraising a distressing situation (Garland et al., 2009) .
It is interesting to note that the change in emotional processing in this study was specific to positive information. Neither group showed significant changes in negative word recall, which contrasts the decrease in negative cognitive biases seen in previous mindfulness studies (Williams et al., 2000; Alberts and Thewissen, 2011; Vago and Nakamura, 2011) . This absence of negative information processing changes may stem from our sample of healthy volunteers who have minimal levels of clinical distress, and by extension, negative bias. There is evidence to suggest that as one's well-being declines from a healthy, happy state, the first information processing change is the disappearance of the positive bias (Reidy, 2004) , followed by the emergence of a bias toward negative information. Thus, positive information processing may be a more sensitive indicator of pre-clinical psychological disturbance than increased negative information processing (Matt et al., 1992; Hirsch and Mathews, 2000) .
MINDFULNESS TRAINING, PSYCHOLOGICAL WELL-BEING, AND CLINICAL SYMPTOMS
Meditation lab participants showed a significantly greater enhancement in psychological well-being than control participants, which parallels many other studies that mindfulness training increases positive emotions Ortner et al., 2007; Nyklícek and Kuijpers, 2008; Zautra et al., 2008; Bränström et al., 2010; Schroevers and Brandsma, 2010; Geschwind et al., 2011) , well-being (Shapiro et al., 1998; Ortner et al., 2007; Carmody and Baer, 2008) , empathy (Shapiro et al., 1998; Krasner et al., 2009) , resilience (Orzech et al., 2009) , and subjective quality of life (Reibel et al., 2001; Shapiro et al., 2005; Nyklícek and Kuijpers, 2008; Fang et al., 2010) , and that people are more happy when they are in a mindful state (Brown and Ryan, 2003; Killingsworth and Gilbert, 2010) . Along these lines, a recent experience sampling study found that MBCT was associated with "increased experience of momentary positive emotions as well as greater appreciation of, and enhanced responsiveness to, pleasant daily life activities" (Geschwind et al., 2011) , a finding that was independent of accompanying decreases in rumination, worry, and negative affect.
Mindfulness training has been hypothesized to increase wellbeing by enhancing the clarity and vividness of everyday experience (Brown and Ryan, 2003) . One recent analysis of the impact of the various components of mindfulness indicated that increased attention regulation -awareness of and attention to daily experiences -are related to increased positive affect, while decreases in negative affect may be due to the development of a more accepting, open, and curious attitude to unpleasant experiences (Schroevers and Brandsma, 2010) . Enhanced engagement with present-moment experiences due to meditation practice may thus broaden the scope of attention (Lutz et al., 2008) and allow greater awareness of pleasant situations.
This augmented engagement with an environment by means of enhanced attentional focus facilitates the process of "savoring," by which one becomes more consciously aware of pleasant experiences (Bryant, 1989) . Savoring may serve to maintain and prolong positive emotions, thereby contributing to an upward spiral of psychological well-being (Tugade and Fredrickson, 2007) , and to subjective well-being later in life (Bryant, 1989; Meehan et al., 1993) .
While meditation was associated with greater well-being, the effect did not reach significance for clinical symptoms. This finding may be related to a floor effect for clinical symptoms in a nonclinical population, or a difference in sensitivity between the two instruments. Nevertheless, the pattern that mindfulness increases positive states more than it deceases negative ones is paralleled in both memory bias and self-report measures. As with cognitive bias, it makes sense that the spectrum of well-being to psychopathology also would begin with a decrease in positive states, and then progress to an increase in negative ones. Indeed, low psychological well-being has been shown to be a strong predictor of depression later in life (Wood and Joseph, 2010) .
CORRELATIONS AMONG EMOTIONAL INFORMATION PROCESSING, DEPRESSION/ANXIETY, AND PSYCHOLOGICAL WELL-BEING
Increases in positive word recall were associated with increases in self-reported well-being and decreases in depression and anxiety, which indicates that biases in emotional word recall have convergent and divergent validity with self-report measures and their parallel modification with treatment. Associations have been www.frontiersin.org found between trait positivity biases and well-being in both crosssectional and prospective studies (Taylor and Brown, 1988; Scheier et al., 2001) . Other studies have found that changing attentional bias by methods such as CBM results in decreased anxiety and depression and increased well-being in clinical populations (Mathews et al., 2007; Salemink et al., 2007; Beard and Amir, 2008; Sin and Lyubomirsky, 2009) .
Previous research has found that changes in cognitive biases correlate with changes in self-reported symptoms in studies of cognitive behavioral therapy (Pishyar et al., 2008) and pharmacotherapy (Mogg et al., 2004) ; this study extends these findings to mindfulness training. This study did not examine whether CBM mediated these improvements, and further research would be needed to establish whether cognitive bias change is a therapeutic mechanism for mindfulness-based therapies, as it appears to be for psycho-and pharmacotherapies (Harmer et al., 2003; Browning et al., 2010) .
CLINICAL IMPLICATIONS
The results from this study have a number of possible implications. First, it has been hypothesized that mindfulness differs from cognitive behavioral therapy (CBT) by focusing on one's relationship to thoughts and emotions, rather than changing their content or valence (Segal et al., 2002; Beck, 2008) . While the two methods may still differ in approach, these findings, as well as other findings of mindfulness-induced alterations in cognitive biases (Williams et al., 2000; Heeren et al., 2009; Alberts and Thewissen, 2011; Vago and Nakamura, 2011) , suggest that the resulting alteration of emotional information processing may be similar to that seen in CBT. CBT is hypothesized to work by providing patients with repeated experiences of refocusing attention away from automatic negative schemas toward alternative views or ideas (Teasdale et al., 1995; Beck, 2008) . If positive information processing is indeed a mechanism of mindfulness-based therapies, it can be more effectively incorporated into treatment (Kazdin and Nock, 2003) , and future research should include CBM interventions (Bar-Haim, 2010) as active control groups.
A second implication of this study is the introduction of an easily administered, objective measure that may serve as a more viable alternative to self-reports. Our study suggests that explicit memory biases are more sensitive to change than self-reports and not as subject to demand characteristics or confounded by increased self-awareness. Indeed, objective measures of cognitive biases have been found to be better at predicting emotional and physiological reactions to stress than self-report measures (MacLeod and Hagan, 1992; van den Hout et al., 1995; Fox et al., 2010; Beard, 2011) . Furthermore, differential changes in positive versus negative biases may yield more precise information about emotional information processing. For example, results from this study suggest that changes in positive emotional processing may be one of the earliest and subtlest indicators of emotional well-being or decline.
STUDY LIMITATIONS AND STRENGTHS
The study has a number of strengths that improve upon past methodology, including a longitudinal design with active controls, an objective measure of emotional information processing and the inclusion of well-being as an outcome measure in addition to distress.
The study also has a number of limitations. The healthy college sample limits the ability to generalize to a treatment-seeking clinical sample. Because participants chose their courses and were not randomized, the differences in outcome may be due in part to baseline group differences. Indeed, the meditation lab participants had significantly lower positive recall and (non-significant) lower levels of well-being and higher levels of distress than controls at baseline. The baseline differences may reflect the impact of previous training on the part of control subjects. Meditation lab participants were mostly naïve or relatively inexperienced in mindfulness, while musicians were fairly advanced, with hundreds of lifetime practice hours prior to the intervention. Music training enhances executive function Kraus and Chandrasekaran, 2010) , which may have resulted in more adaptive information processing biases in this group at baseline.
Alternatively, meditation lab participants may have self-selected for this course because they were experiencing emotional difficulties and hoped to attain some therapeutic benefit from the course. These baseline differences raise the possibility that the meditators' disproportionate increase in positive word recall may be a form of regression to the mean. It is also possible that the effects on recall memory and well-being of mindfulness training is only observed in people who are intrinsically motivated to do this training, and are therefore prone to placebo-effect-like confounds. However, placebo-like effects due to self-selection and expectations could also apply to students who self-selected for music courses. Given that this is the first study to measure cognitive bias both before and after a multi-week mindfulness intervention, it still represents an improvement over past studies with only one-time point (Vago and Nakamura, 2011) or brief induction procedure (Alberts and Thewissen, 2011) . Future studies should employ a longitudinal design with a randomized sample to control for baseline differences.
We chose explicit memory biases because they have been more consistently documented than biases in earlier stages of processing (Mathews and MacLeod, 2005; Joormann and Gotlib, 2008) . However, use of a free recall task limits the ability to disentangle if the observed effect of mindfulness on memory is due to differences in attention, encoding or retrieval of emotional information.
While our findings suggest that positive information processing may be a mechanism by which mindfulness training improves well-being, the pre-post-design could only support correlations and not a proper test of mediation. Future studies must include assessments at multiple time points, in order to establish a timeline of change that can be used to determine mediation (Kazdin and Nock, 2003) with appropriate designs and analyses (Kraemer et al., 2002 (Kraemer et al., , 2008 Kazdin, 2007) .
CONCLUSION
Positive word recall and psychological well-being improved in parallel during a 12-week mindfulness intervention compared to active controls. These data suggest that changes in emotional information processing, specifically improved processing of positive stimuli, may be a mechanism by which mindfulness increases well-being.
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